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bstract

The purposes of this study were to investigate the removal efficiency of ammonium (NH4
+) ion from aqueous solution using the natural Turkish

Yıldızeli) zeolite and to characterize equilibrium isotherms. Experiments were carried out using batch method as a function of the solution pH,
haking time, dosage of adsorbent, and temperature. All these factors affected NH4

+ ion removal from aqueous solution. Equilibrium modelling
ata were fitted to linear Langmuir and Freundlich models. Dubinin–Redushckevich (D–R) isotherm was applied to describe the nature of ion
xchange of NH + and found that it occurred physically. Thermodynamics parameters such as change in free energy (�G◦), enthalpy (�H◦) and
4

ntropy (�S◦) were also calculated. These parameters confirmed that ion exchange of NH4
+ by the zeolite was feasible, spontaneous and exothermic

n nature. Based on the results, it can be concluded that the natural Turkish (Yıldızeli) zeolite is suitable for the removal of NH4
+ ions in wastewater

reatments and agricultural purposes to in terms of sustainability of environmental quality.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Nitrogen (N) is one of the essential elements for plants, and
ack of N in soils often limits agricultural production. The prin-
ipal forms of N in soil are ammonium (NH4

+) and nitrate
NO3

−) and NH4
+ ions in soils are converted to NO3

− by micro-
rganisms [1,2]. However, when N compounds are more than
eeded of plants, parts of the nitrogen compounds (especially
O3

− ion) leache from soil profile and lead to ground water
ollution [1,3]. Therefore, decrease of the transformation and
oving of N compounds using adsorbent materials as zeolite

nd betonite is crucial to save ground water and environmen-
al quality in intensive agricultural production. The presence of
xcess N compounds also causes the environmental destroy, so

compounds play an important role on water pollution. There-

ore, the control of them has vital importance. The ammonia and
mmonium ions are the more commonly encountered N com-
ounds in wastewater.

∗ Corresponding author. Tel.: +90 356 2521488; fax: +90 356 2521488.
E-mail address: kadirs@gop.edu.tr (K. Saltalı).
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Zeolites have been used as soil conditioners to improve the
hysical and chemical properties of soil, and the application
f zeolite to soils may reduce loses of nutrient and water [4].
atural zeolite is porous material with high cation exchange

apacity (CEC), cation selectivity, higher void volume and great
ffinity for NH4

+ [5]. The material has received great interest
inimizing ammonia (NH3) volatilisation in soils with low CEC

6] and NH3 emission from farm manure [7].
The general formula of a zeolite is follows:

Mx
+, My

2+)(Al(x+2y)Sin−(x+2y)O2n)·mH2O

here M+ and M2+ are monavalent and divalent cations such as
a+, K+, and Ca2+, Mg2+, Ba2+, respectively. They are called the

xchangeable cations. Al3+ and Si4+ are known as the structural
ations, and they make up the framework of the structure with

[5]. In several studies, authors have also reported the use of

atural zeolite as a sorbent for trace metals, N compounds, and
ations [6–10]. Natural zeolite reserves occur most frequently
n Japan, USA, Russia, Hungary, Greece, Croatia, Serbia and
urkey [3,4,11].

mailto:kadirs@gop.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.06.124
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Ion exchange process is used in various fields for ions adsorp-
ion in recent years. However, ion exchange processes, which
sed organic resins, are very expensive. Hence, cheaper materi-
ls such as zeolite and sepiolite are needed. The use of zeolite
or removal of NH4

+ ion from aqueous solution and wastewater
s especially promising and very competitive compared to other
rocesses such as biological and chemical treatments [3,12,13].

Although the large number of different studies on the removal
f ammonium ion from aqueous solutions using zeolite, every
pecial zeolite material requires individual research. Therefore,
he results obtained from a study carried out by using zeolite
s adsorbent are important with respect of NH4

+ ion removal
rom wastewater and farm manure, especially urine of animals,
nd reducing N losses via NH3 volatilisation and NO3

− leach-
ng in soils with increasing soil retention capacity for NH4

+. In
his regard, the objectives of this study were to investigate the
ffect of the pH, shaking time, dosage of adsorbent, and temper-
ture on ion exchange of NH4

+ by the natural Turkish (Yıldızeli)
eolite from aqueous solution and to determine the equilibrium
sotherms.

. Materials and methods

The natural Turkish zeolite (Yıldızeli town of Sivas) used as
n adsorbent in this study was a commercial sample, supplied
rom Rota A.Ş. Mining Company, Istanbul, Turkey. The miner-
logical and chemical composition of the zeolite was determined
y using Rigaku D-Max III X-ray diffractometer (Table 1). The
atural zeolite samples were crushed in a mortar and sieved using
00-mesh (75 �m) sieve. The crushed samples were dried in an
ven at 105 ◦C for 24 h before used in the experiments.

Preliminary experiments were conducted to optimize gen-
ral patterns of NH4

+ ion removal from aqueous solution; pH

f solution, shaking time, dosage of adsorbent and tempera-
ure. The ion exchange of NH4

+ ion on the zeolite was carried
ut using a batch method. The batch experiments were con-
ucted 0.8 g of adsorbent with 40 mL of solutions in the range

able 1
hemical and mineralogical composition of natural Turkish (Yıldızeli) zeolite

onstituent Value (%)

iO2 64.84
iO2 0.32
l2O3 13.69
e2O3 1.64
nO 0.04
gO 1.62

rO 0.54
aO 0.12
aO 5.88
a2O 0.95

2O 0.50

2O5 0.07
oss of ignition (at 1000 ◦C) 10.42

RD-mineralogical analysis
Clinoptilolite/heulandite + mordenit 95
Quartz 5
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ig. 1. The effect of pH on NH4
+ ion removal using the natural zeolite (NH4

+

on concentration: 60 mg L−1; adsorbent dosage: 0.4 g; shaking time: 60 min;
emperature: 21 ◦C).

f 20–400 mg L−1 initial NH4
+ concentrations. Analytical grade

mmonium chloride salt (NH4CI) and deionised water were used
n the preparation of the stock NH4

+ solutions. The stock solu-
ions were diluted to prepare for working solutions.

The screw cap bottles containing sorbate and sorbent were
laced in to a shaker (Nüve ST 402) and shaken at 21, 30, 40
nd 50 ◦C at 200 rpm. After equilibrium time, samples were fil-
ered through whatman 42 filter paper. Filtrates were analyzed
mmediately by steam-distillation method [14]. The removal
fficiency (%) and the amounts of exchanged NH4

+ ion (qe) by
he zeolite were computed using Eqs. (1) and (2), respectively:

emoval efficiency (%) = (C0 − Ce)

C0
× 100 (1)

e = (C0 − Ce)V

m
(2)

here qe is the amount of exchanged ammonium ions (mg g−1),
0 and Ce are the initial and equilibrium concentrations of
mmonium in solution (mg L−1), respectively. V is the solu-
ion volume (L) and m is the adsorbent weight (g). The mean
alue of the duplicate analysis was used to calculate the amount
f NH4

+ in solution, and the limit of error of duplicate samples
as lower than 5%.

. Results and discussion

.1. Effect of pH

The removal of NH4
+ ion from aqueous solution using the

atural zeolite was studied at pH values 4–9 and the data obtained
ere given in Fig. 1. The pH of the aqueous solution was found to
e an important factor for the exchange of NH4

+ ion by zeolite.

he removal efficiency increased by raising the pH from 4 to 8
nd reached a maximum value at pH 8, and then it decreased
t pH 9. The decrease in the NH4

+ removal efficiency after pH
may be due to two factors: (i) in partial dissolution of the
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employed to describe the relationships between the amounts of
exchanged NH4

+ ion by zeolite and its equilibrium concentration
in the solution. The experimental data conformed to the linear
ig. 2. The effect of shaking time on NH4
+ ion removal using the natural zeolite

NH4
+ ion concentration: 60 mg L−1; adsorbent dosage: 0.4 g; pH: 8; tempera-

ure: 21 ◦C).

atural zeolite [5]; (ii) the conversion probability of NH4
+ into

H3 specimen [15].

.2. Effect of shaking time

Fig. 2 shows the effect of shaking time on the removal of
H4

+ ion using the natural zeolite. Removal efficiency of NH4
+

on increased with increasing shaking time and 75% of NH4
+

on removal was completed within 15 min. It reached up 80%
ithin 30 min and became very slow with increasing of shaking

ime. This may be ascribed to the utilization of the most readily
vailable adsorbing sites of the zeolite that leads fast diffusion
nd rapid equilibrium attain [16]. After, shaking time of 24 h,
emoval efficiency of NH4

+ ion was found as 83%. As seen
rom these values, there is no significant difference between the
emoval efficiencies determined after 30 min and 24 h. On the
asis on these results, a 30 min shaking period was selected for
ll further studies.

.3. Effect of adsorbent dosage

The effect of adsorbent dosage on the removal efficiency of
H4

+ ion was studied using 0.1, 0.2, 0.4, 0.8, 1.2 and 1.6 g zeolite
nd the results obtained were given in Fig. 3. The removal effi-
iency of NH4

+ ions by the zeolite increased with increasing the
mount of zeolite, and a plateau occurred at 0.8 g of adsorbent.
ig. 3 also indicates that the NH4

+ ion removal was negligible
t higher amounts of adsorbent dosage than 0.8 g. This may be
ttributed to the formation of aggregates at higher solid/liquid
atio or precipitation of particles.

.4. Effect of temperature
Fig. 4 indicates the effect of the temperature (21, 30, 40, and
0 ◦C) on the removal of NH4

+ ion. The amount of NH4
+ ion

emoved from aqueous solution decreased by rising temperature

F
(
t

ig. 3. The effect of adsorbent dosage on NH4
+ ion removal using the natu-

al zeolite (NH4
+ ion concentration: 60 mg L−1; shaking time: 30 min; pH: 8;

emperature: 21 ◦C).

rom 21 to 50 ◦C. The highest removal efficiency was found
o be 94% at 21 ◦C. A decrease in the removal efficiency of
H4

+ ion with the rise in temperature was due to the increasing
endency to desorb from the interface to the solution. This result
lso indicated that the adsorption process of NH4

+ onto natural
eolite was exothermic in nature.

.5. Ion exchange isotherms

Langmuir and Freundlich models are used to describe the
quilibrium isotherm data [17]. In this study, both models were
ig. 4. The effect of temperature on NH4
+ ion removal using the natural zeolite

NH4
+ ion concentration: 60 mg L−1; optimum adsorbent dosage: 0.8 g; shaking

ime: 30 min; pH: 8).
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(r2) value of the linear plot of Freundlich isotherm (Fig. 7) was
found to be 0.965. The values of Kf and 1/n were found to be
0.93 and 0.488, respectively. The magnitude of 1/n value gener-
ally ranges from 0 to 1 and it is a measure of exchange intensity
ig. 5. Linear plot of Langmuir isotherm of NH4
+ ion adsorption on the nat-

ral zeolite (optimum adsorbent dosage: 0.8 g; shaking time: 30 min; pH: 8;
emperature: 21 ◦C).

orm of Langmuir model expressed as the following equation:

Ce

qe
= 1

kb
+ Ce

b
(3)

here Ce is the concentration of NH4
+ ion in equilibrium solu-

ion (mg L−1), qe is the amount of NH4
+ adsorbed (mg) by per

nit mass of adsorbent (g), and the value of b (mg g−1) and k
L mg−1) are maximum adsorption capacity of adsorbent and
he adsorption energy coefficient, respectively. The determina-
ion coefficient value of the linear plot of Langmuir isotherm
as found satisfying (r2 = 0.965) (Fig. 5). The calculated from

he slope and intercept of the linear plot, the maximum amount
f exchanged NH4

+ (b) and the Langmuir constant (k) were
.64 mg g−1 and 0.0548 L mg−1 at 21 ◦C, respectively. Lebe-
ynets et al. [18] and Karadag et al. [16] reported that the
aximum amount of exchanged NH4

+ using the transcarpathian
linoptilolite and natural Turkish clinoptilolite were 11.5 and
.12 mg g−1 at 25 ◦C, respectively. Weatherley and Miladinovic
19] found the ion exchange capacity of New Zealand clinop-
ilolite for NH4

+ ion as 6.588 mg g−1.
On the other hand, the dimensionless equilibrium parameter

r separation factor, RL, based on the further analysis of Lang-
uir equation can be given by

L = 1

1 + kC0
(4)

here C0 (mg L−1) is the initial amounts of adsorbate and k
s Langmuir constant. The RL parameter is considered as more
eliable indicator of the adsorption. There are four probabilities
or the RL value; for favorable adsorption, 0 < RL < 1, (ii) for
nfavorable adsorption, RL > 1, (iii) for linear adsorption, RL = 1,
iv) for irreversible adsorption, RL = 0 [20–23].

Fig. 6 shows the variation of RL with initial concentration of

he NH4

+ ion. As could be seen from the curve, the RL parameters
ied between 0 and 1 represent that the removal of NH4

+ ion by
atural zeolite is propitious. Fig. 6 also indicates that the RL value
pproaches zero as the C0 value is increased, and it means that

F
u
t

ig. 6. Variation of separation factor (RL) as a function of initial NH4
+ ion

oncentration (optimum adsorbent dosage: 0.8 g; shaking time: 30 min; pH: 8;
emperature: 21 ◦C).

he adsorption of NH4
+ ion onto natural zeolite is less favorable

t high concentration of the solution. In addition, the values of
eparation factor (RL) prove that the natural zeolite is a potential
dsorbent for NH4

+ ion removal from aqueous solution. Similar
esults have been reported for removal of NH4

+ ion by zeolite
16].

The ion exchange data were also applied to Freundlich model
n logarithmic form [24] expressed as follows:

og qe = log Kf + 1

n
log Ce (5)

here Kf (mg g−1) is the measure of the adsorption capacity
f the adsorbent, 1/n (L g−1) is a constant relating to adsorption
ntensity or surface heterogeneity. The determination coefficient
ig. 7. Linear plot of Freundlich isotherm of NH4
+ ion adsorption on the nat-

ral zeolite (optimum adsorbent dosage: 0.8 g; shaking time: 30 min; pH: 8;
emperature: 21 ◦C).
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ig. 8. D–R isotherm plot of NH4
+ ion adsorption on the natural zeolite (opti-

um adsorbent dosage: 0.8 g; shaking time: 30 min; pH: 8; temperature: 21 ◦C).

r surface heterogeneity, and the value of 1/n smaller than 1
ointed out the favorable removal conditions [16,25–27]. Fre-
ndlich constant for natural Turkish clinoptilolite was found to
e Kf: 0.612 and 1/n: 0.517 for NH4

+ ions [16]. Sarioglu [3]
stimated Kf as 2.23 and 1/n as 0.38 for NH4

+-N ions. Weather-
ey and Miladinovic [19] determined Kf as 2.27 and 1/n as 0.336
or the adsorption of NH4

+ ion onto New Zealand clinoptilolite.
The data were also modelled by D–R isotherm to determine

he type of adsorption (physical or chemical) [26,28,29]. The
inear form of D–R isotherm is represented as the following
quation:

n qe = ln qm − βε2 (6)

here qe is the amount of NH4
+ ions adsorbed onto per unit

osage of the natural zeolite (mol L−1), qm the theoretical mono-
ayer adsorption capacity (mol g−1), β is the constant of the
dsorption energy (mol2 J−2), which is related to the average
nergy of adsorption per mole of the sorbate as it is transferred
o the surface of the solid from infinite distance in the solution
26,28,29], the ε is Polanyi potential, which described as

= RT ln

(
1 + 1

Ce

)
(7)

here R is the gas constant (J mol−1 K−1), T the temperature
K), Ce is the equilibrium concentration of the NH4

+ (mol L−1).
The value of mean energy of sorption (E; kJ mol−1) can be

alculated from D–R parameter β as follows:

= 1√−2β
(8)

he value of mean energy of sorption gives information about
hemical and physical sorption. Therefore, interpretation of

H4

+ ion sorption, whether chemical or physical, can be made
or adsorbents. As seen in Fig. 8, the slope of the D–R plot (ln qe
ersus ε2; r2: 0.985) gives β constant and, qm value was calcu-
ated from intercept of the plot. The β and qm values were found

T
T
z
a

ig. 9. Variation of the distribution coefficient (Kd) in NH4
+ ion removal using

he natural zeolite as a function of temperature (optimum adsorbent dosage:
.8 g; shaking time: 30 min; pH: 8).

o be −1.01 × 10−6 mol2 J−2 and 3.22 × 10−4mol g−1, respec-
ively. The E value was calculated as 0.7 kJ mol−1 by using Eq.
8). The E value ranges from 1 to 8 kJ mol−1 for physical sorp-
ion and from 9 to 16 kJ mol−1 for chemical sorption [26,28,29].
he mean value of E (0.7 kJ mol−1) was found in the range of
–8 kJ mol−1, indicating that the type of sorption of NH4

+ ions
nto the natural zeolite was essentially physical.

.6. Thermodynamic parameters

In order to investigate the effect of temperature on the NH4
+

on exchange by the zeolite, the distribution coefficient, Kd
mL g−1), was calculated at the temperature of 294, 303, 313
nd 323 K by using Eq. (9) [23,26]:

d = qe

Ce
(9)

he Kd values were calculated as 253, 230, 210 and 200 mL g−1

or the temperature of 294, 303, 313 and 323 K, respectively.
t can be noteworthy that the distribution coefficient decreases
ith increasing temperature (from 294 to 323 K) and it reveals

he process to be exothermic.
Thermodynamic parameters, the enthalpy change, �H◦, and

he entropy change, �S◦, were calculated from the slope and
ntercept of the plot of ln Kd against 1/T, respectively [26,29,30],
s shown in Fig. 9:

n Kd = �S◦

R
− �H◦

RT
(10)

he other thermodynamic parameter, Gibbs free energy change,
G◦, was calculated by

G◦ = −RT ln Kd (11)
he enthalpy change, �H◦, had a value of −6.284 kJ mol−1.
he negative �H◦ exhibited that the NH4

+ ion exchange by the
eolite was exothermic. The low �H◦ values showed weak inter-
ctions between the NH4

+ ions and the negatively charged sites
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n the surface of the zeolite. Change in the entropy, �S◦ was
ound to be 24.5 J mol−1 K−1 for NH4

+ ion removal from aque-
us solution. This result implied that NH4

+ ion in solid phase
surface of adsorbent) were in a much more chaotic distribution
ompared to the relatively ordered state of bulk phase (aqueous
olution). Moreover, Gibbs free energy change, �G◦, was calcu-
ated to be−13.48,−13.70,−13.92 and−14.23 kJ mol−1 for the
H4

+ ion exchange at the temperature range of 294–323 K. The
egative value of �G◦ confirmed the feasibility and spontaneous
ature of the NH4

+ ion exchange by the zeolite. In addition, the
rocess proceeded physically because �G◦ values had lower
alue than −20 kJ mol−1 [31]. This result was in well agree-
ent with that obtained from the D–R isotherm.

. Conclusions

The experimental parameters such as solution pH, shaking
ime, the adsorbent dosage, and temperature influenced NH4

+

on removal from aqueous system by the zeolite. The NH4
+ ion

xchange data fitted to linear Langmuir and Freundlich models.
oreover, the D–R isotherm indicated that the ion exchange

f NH4
+ by the zeolite was physical in nature. The negative

G◦ values confirmed the feasibility and spontaneous nature of
he NH4

+ ion exchange at studied temperatures. The negative
H◦ value also depicted that the ion exchange process was an

xothermic in nature.
Based on the results, it can be concluded that the natural Turk-

sh (Yıldızeli) zeolite is suitable adsorbent for NH4
+ ion removal

rom aqueous solution. Moreover, it can be recommended for
astewater treatments and agricultural purposes in terms of sus-

ainability of environmental quality.
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