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Removal of both nutrients ammonium and phosphorus by natural zeolite has been studied in lab scale by
using a mechanically stirred batch system (1000 ml). Zeolite, a mean particle size of 13 �m, was used as
an adsorbent for the removal of ammonium and then as a seed material for the precipitation of calcium
phosphate. A relationship was established between the uptake of ammonium by zeolite and the ratio of
initial ammonium concentration to zeolite dosage. Ammonium uptake of zeolite was almost completed
within initial 5 min of adsorption period. There is no pronounced effect of zeolite and ammonium, neither
atural zeolite
mmonium
hosphorus
eeding
recipitation

positive nor negative on the amount of calcium phosphate precipitation. The extent of the precipitation
of phosphate increased with rising pH. It was also observed that when the system was allowed to relax
at constant pH (i.e. under relatively low super saturations), a certain lag time was noted to elapse at the
onset of the precipitation. At the pH 7.2, the amount of initial fast precipitation within 5 min and total
precipitation within 120 min were around 34% and 93%, respectively. Precipitation of calcium phosphate
on to ammonium-loaded zeolite was achieved at low super saturations (<pH 7.5) through secondary
nucleation and crystal growth, leading to an increase in particle size.
. Introduction

Increasing discharge of nutrients such as ammonium and
hosphorus into natural water systems strongly contributes to
utrophication. With the increased awareness and understand-
ng of the deleterious effects of nutrients, the authorities have
ntroduced stringent laws restricting nutrient discharges from both

astewater treatment facilities and other point source contribu-
ors, and hence efficient removal of nutrients is now required.

The traditional solution to the problem of ammonium removal
s biological treatment and there have been numerous researches
evoted to the various aspects of the nitrification/denitrification
rocesses. Despite the effectiveness of biological systems, they
equire large reactor volumes or footprints and areas, and hence
igh capital costs due to the slowness of the biological conver-
ion process for nutrient ammonium. Moreover, when exposed
o the peak and variable loads, these processes may fall short in
emoving the influent concentration patterns and fail to achieve

he required effluent quality standards unless some extra polish-
ng units or an upgrade are provided [1]. Development of high
apacity and more effective processes alternative to the conven-
ional biological processes is of great importance for nutrient

∗ Tel.: +90 312 2873430/1381; fax: +90 312 2875409.
E-mail address: karapinarnuray@hotmail.com.

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.094
© 2009 Elsevier B.V. All rights reserved.

removal/recycling operations. The application of zeolite as an ion
exchanger for ammonium removal is one of the effective tech-
nologies that have received considerable attention in recent years.
Zeolites are very effective in the removal of ammonium, as has
been demonstrated in numerous studies worldwide which have
used natural zeolite from many different deposits [1–6]. How-
ever, regeneration of zeolites and handling of the brine solutions
produced are the main drawbacks for the development of zeolite-
based processes because of the high cost of these operations.
Therefore some studies have focused on the processes which
do not require chemicals for regeneration i.e. bio-regeneration
[4,7].

For phosphorus, there are a number of technologies, both
established and under development, which can be used to
remove/recover phosphorus from wastewaters. Amongst them,
chemical precipitation, biological phosphorus removal and crystal-
lization are the most commonly known processes, with chemical
precipitation being the leading technology today. More recently,
however, biological phosphorus removal has become firmly estab-
lished; crystallization technology has also completed its progress
towards commercialization and technologies extending chemical

precipitation to assist nutrient removal are beyond the pilot stage.
In the phosphate removal studies based on crystallization [e.g.
[8–13]], several materials including calcite, sand, and a variety of
Ca-phosphate crystals have been used as seeding material to initiate
and enhance phosphate precipitation and recycling.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:karapinarnuray@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2009.05.094
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Fig. 1 shows removal of ammonium from synthetic wastewater
solutions at different zeolite dosages and initial ammonium con-
centrations. Unless otherwise stated a reaction time of 60 min was
applied for ammonium uptake by the zeolite and during reaction
period no pH adjustment was exercised. The pHs of suspensions
N. Karapınar / Journal of Hazard

Realizing phosphorus removal by both precipitation (except
agnesium ammonium phosphate—MAP precipitation) and crys-

allization does not affect the ammonium concentration of the
astewater. Therefore there is a need to develop processes to facil-

tate removal of nutrients, ammonium and phosphate. There are
umerous studies including precipitation of magnesium ammo-
ium phosphate as an alternative process [14]. There are two
ommercial processes namely the Unitika Phosnix process and The
im-Nut process based on the crystallization of struvite (MAP)

rom tertiary wastewaters. The Phosnix process is based on the agi-
ated column reactor, with ancillary chemical dosing equipment for
ucleation and growth of struvite crystals. Unlike Phosnix process,
he RIM-NUT is an ion exchange–precipitation process. The process
onsists of three stages with the first stage designed for ammonium
emoval by cationic resin composed of natural zeolites and the last
wo stages for the removal of phosphate and the nutrient precip-
tation process by ionic resin. The major drawback of the struvite
rystallization is the high operating cost because of the magnesium
ddition for the precipitation of sutrivite.

Zeolites, naturally occurring hydrated aluminosilicate miner-
ls, mainly consist of a three-dimensional framework structure
earing SiO4 and AlO4 tetrahedra. They belong to the class of min-
rals known as tectosilicates. The aluminum ion is small enough to
ccupy the position in the center of the tetrahedron of four oxygen
toms, and the isomorphous replacement of Si4+ by Al3+ produces
negative charge in the lattice. The net negative charge is balanced
y the exchangeable cation (sodium, potassium, or calcium). These
xchangeable cations give rise to the ion-exchange properties of the
aterial.

In this study, the removal of both ammonium and phospho-
us from aqueous solutions was investigated using natural zeolites
s an adsorbent for the adsorption of ammonium and the subse-
uent use of ammonium-loaded zeolite as seed for the precipitation
f phosphate. The effect of zeolite dosage and initial ammonium
oncentration onto ammonium uptake of zeolite and seeded pre-
ipitation of phosphate was evaluated. Particle size measurement
f seed material was used to evaluate the seeded precipitation of
hosphorus precipitated homogeneously from solution or hetero-
eneously onto the zeolite particle. Therefore, the results given in
his paper will also contribute a better understanding of seeded
recipitation of phosphate. The study assumes the utilization of
nal ammonium and phosphate bearing zeolite product as a fertil-

zer.

. Materials and methods

Zeolite (granular) marked as Type C, a natural zeolite, was
btained from ZEOLITH in Deutschland e.K. It had the following
hemical composition 51.80% SiO2 (by weight), 18.34% Al2O3, 3.40%
e2O3, 0.96% MgO, 4.73% CaO, 0.35% BaO, 0.04% SrO, 0.60% Na2O,
.91% K2O, and 15.14% LOI. Its given total cation and ammonium
NH4

+) exchange capacities were max. 235 and 195 meq/100 g,
espectively. The zeolite sample as received was ground to a par-
icle size smaller than 0.060 mm prior to use in the experiments to
ncrease both adsorption capacity and available seed surface.

Analytical grade chemicals and de-ionized water which had a
onductivity of 0.7 �S/cm were used to prepare the solutions. All
he experiments were performed at 20 ± 0.5 ◦C.

Ammonium, phosphorus and calcium stock solutions were pre-
ared by dissolving ammonium acetate (CH3COONH4), potassium

hosphate (KH2PO4) and calcium chloride (CaCl2·2H2O) in de-

onized water, respectively. Particle size distribution analysis was
etermined using a laser based particle size analyzer (Galai CIS I).

All experiments were carried out by mixing the solution con-
aining ammonium, phosphorus and calcium with the solid phase
aterials 170 (2009) 1186–1191 1187

(zeolite) in a mechanically stirred batch system (1000 ml). In the
seeding experiments, zeolite dosage, ammonium concentration
of the solution and the calcium/phosphorus molar ratio were
kept constant at 1.0 g/l, 10.0 mg/l and 5.01, respectively. To ini-
tiate the precipitation on the zeolite surface, the procedure was
followed as given in Karapinar et al. (2006). pH was adjusted to
the experimental values by slow addition of sodium hydroxide to
improve heterogeneous nucleation after mixing of all components.
Once a given super saturation condition (relative super saturation
12.0–16.0 for Hidroxyapatite, HAP) was achieved the system was
allowed to relax. During the relaxation period, pH of the solution
was kept constant at its initial value, and, if necessary, sodium
hydroxide was added. During the allowed period of relaxation, 15-
and 2-ml aliquots of solution were removed for analyses at prede-
termined intervals. The 15-ml sample solution was filtered using
a membrane filter having a pore size of 0.45 �m (Sartorius AG)
and then analyzed for ammonium, calcium and phosphorus. The
2-ml sample solution was for particle size measurements. Change
in the particle size of the suspension during the relaxation was
characterized by both particle size measurement and microscopic
examination.

A computer programme PHREEQC Version 2 has been used
to calculate the saturation-index (SI) with respect to calcium
phosphates of the chemically defined precipitation system. The
equilibrium constants used in calculations were taken from Song
et al. [15].

Ammonium was determined according to DIN 38406-E5.
Calcium was analyzed using EDTA titrimetric method (DIN 38406
E3, 1982) while phosphorus was analyzed using a spectrophoto-
metric method (DIN EN 1189, 1996) at a wavelength of 700 nm with
a Lamp 2 UV/VIS Spectrophotometer (PerkinElmer, Germany).

3. Results and discussion

3.1. Ammonium removal by natural zeolite
Fig. 1. Ammonium removal at different zeolite dosages (0–8 g/l) and initial ammo-
nium concentrations (10–40 mg/l).
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Table 1
Final pH values of suspension at different concentra-
tions of ammonium and zeolite.

Ammonium, mg/l pHa

10 6.0–8.5
20 6.4–8.3
40 6.5–7.8
80 6.5–7.4

100 6.6–7.3
160 6.7–7.1
200 6.7–7.0

a The pH range represents the range of zeolite dosage
(0.5–8.0 g/l).
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the range of 10–60 mg/l produced no significant effect on the pre-
cipitation of Ca-phosphate. This was consistent with the calculated
saturation indices (Fig. 5).
ig. 2. Relationship between ammonium uptake capacity of zeolite and
H4–N/zeolite.

eveloped depending on the concentration of ammonium and zeo-
ite are shown in Table 1.

As expected, the ammonium uptake behavior of zeolite used in
his experiments is quite similar to that of zeolite used in other
tudies; at all ammonium concentrations tested, the amount of
mmonium removed increased with increasing zeolite concentra-
ion (Fig. 1a), while at the same time the uptake of ammonium by
eolite (mg NH4

+/g zeolite) decreased (Fig. 1b) indicating that there
s a correlation between the uptake of ammonium by zeolite (mg
H4

+/g zeolite) and the ratio of initial ammonium concentration
o zeolite dosage (Fig. 2). The ammonium uptake by zeolite is a
ery rapid process and was almost completed within the minutes
f contact time (Fig. 3).

.1.1. Effect of P and related cations onto ammonium uptake of
eolite

With regard to the objective of this study, ammonium uptake
f zeolite was investigated at different phosphorus and calcium

oncentrations where the calcium/phosphorus molar ratio and ini-
ial concentration of ammonium were kept constant at 5.01 and
0.0 mg/l, respectively. The experiments were carried out at its own
H developed after mixing all components (ammonium acetate,

ig. 3. Ammonium removal as a function of the contact time at a zeolite dosage of
.0 g/l.
Fig. 4. The effect of P onto ammonium removal by zeolite (ammonium concentra-
tion = 10 mg/l, zeolite dosage = 1.0 g/l, the molar ratio of Ca/P = 5.01).

potassium phosphate, calcium chloride and zeolite). In these exper-
iments, zeolite was added at last into the stirred solution. Fig. 4
shows that the uptake of ammonium by zeolite decreased in the
presence of P. This effect was because of the presences of K (potas-
sium phosphate) and Ca (calcium chloride) as competing ions in
solution. It is well known that ammonium uptake by zeolite is
through cation exchange mechanism and the competitive roles of
K and Ca are common in cation exchange reactions. An increase in
P concentration means also an increase in K and Ca concentrations,
leading a decrease in ammonium uptake of zeolite. The decrease in
uptake capacity of zeolite was recorded to be around 10% at 10 ppm
P while it increased to almost 30% at 40 ppm P. No Ca-phosphate
precipitation was observed under these pH conditions.

3.2. Ca-phosphate precipitation

Since ammonium uptake of zeolites was widely studied and the
phenomena have been well known, in this study, the emphasis
was given on the seeded precipitation of phosphorus in aqueous
solution including ammonium.

3.2.1. The effect of ammonium on calcium phosphate precipitation
Fig. 5 shows the effect of ammonium on Ca-phosphate precipi-

tation at pH 9.0. The increase in the concentration of ammonium in
Fig. 5. The effect of ammonium onto Ca-phosphate precipitation and saturation
indices of Ca-phosphate phases (P = 40 mg/l, the molar ratio of Ca/P = 5.01, pH = 9.0).



N. Karapınar / Journal of Hazardous Materials 170 (2009) 1186–1191 1189

F
o

3

p
l
o
c
p
t
e

i
p
z
p

c
w
e
o
t
w
r
t
o
b
i
s
t
a
s
r
e
t
a
p

F
o

Table 2
Lagtime required for zeolite-seeded precipita-
tion of Ca-phosphate.

pH TL, lagtime (s)

6.9 52
7.0 28

the amount of fast precipitation during the relaxion. It is known
ig. 6. The effect of pH on Ca-phosphate precipitation in the presence and absence
f zeolite (P = 40 mg/l, and molar ratio of Ca/P = 5.01, reaction time = 1 h).

.2.2. Ca-phosphate precipitation in the presence of zeolite
Fig. 6 illustrates the dependence of precipitation of calcium

hosphate on pH (7.5–10) in the presence and absence of zeo-
ite. The addition of zeolite appeared not to affect the formation
f calcium phosphate precipitate. However, the extent of the pre-
ipitation of phosphate increased with increasing alkalinity in a
H range of 7.5–9.0; thereafter, it almost leveled off (Fig. 6). Since
he solution condition was more favorable for the precipitation, no
ffect of the seed on the amount of precipitation could be observed.

In the present study, the composition of precipitate was not
nvestigated. However the calculated molar ratios of Ca/P of the
recipitate formed under working conditions (with and without
eolite) were given in Fig. 7, where the molar ratios of Ca/P of the
recipitates determined to be around 1.5.

Since the Ca-phosphate precipitation is a base consuming pro-
ess, an increase in the amount of precipitate by increasing pH
as expected. The pH dependence of precipitation was consid-

red in the light of its effect on the supersaturated conditions
f solution [12,15]. In other words, an increase in the pH makes
he solution conditions favorable for precipitation. In this regard,
hether the precipitation took place onto seed surface needs to be

esolved. Previous investigations on magnetite-seeded precipita-
ion of phosphate showed that, at relatively lower pHs precipitation
ccurred heterogeneously on the surface of seed particles whereas
y improving the solution conditions for precipitation (e.g. the

ncrease in the saturation index) homogeneous nucleation in the
olution was unavoidable [12]. In addition to achieve high precipi-
ation efficiency, the objective of seeded precipitation of phosphate
t least in this study was to load the precipitate onto the seed
urface. In this regard, Karapinar et al. [12] reported an inverse

elationship between total precipitation and seeded precipitation
fficiency. They also noted that at low pHs, all precipitates could
ake place on the seed surface through secondary phase nucle-
tion and growth [13]. Therefore, to load the phosphate onto zeolite
articles, the same procedure was followed in this study.

ig. 7. The calculated Ca/P molar ratios of precipitates, P = 40 mg/l, the molar ratio
f Ca/P = 5.01 (reaction time = 1 h).
7.1 31
7.2 35
7.5 49

In the seeded precipitation experiments, loading of precipitate
onto the seed surface would be controlled by two mecha-
nisms; nucleation and growth. Provided that the precipitate
formed/encrusted on the surface of the seed, this would then lead
to an increase in the size of seed. Therefore, loading efficiency of Ca-
phosphate onto zeolite was evaluated by variation in the particle
size of seed particles under experimental conditions.

In the seeding precipitation experiments, regardless the opera-
tive process in precipitation either homogeneous or heterogeneous
nucleation, rapid precipitation was obtained at all pH values. How-
ever, when the system was allowed to relax at constant pH (i.e.
under relatively low super saturations), a certain lag time was noted
to elapse at the onset of the precipitation. The lag times recorded
at different pH values were given in Table 2.

Regardless of the seed type, the same tendency for pH-
dependence of lag time was also observed in a previous study
during the magnetite-seeded precipitation of Ca-phosphate [13].
These authors attributed the effect of pH on the lag time mainly
to the initial fast precipitation and to the residual concentration
of phosphorus. At the end of the precipitation in the pH range of
6.9–7.5, the total amount of precipitate formed under lower super
saturation conditions was nearly the same or even higher than that
obtained under higher super saturation conditions (Fig. 8).

Since the efficiency of seeded precipitation (the ratio of precip-
itate onto seed to total precipitation) is a function of variation of
size of the seed material, measured particle size of the seed during
the relaxation time could provide an explanation of zeolite-seeded
precipitation of phosphate. The measured particle size after relax-
ation period is given in Fig. 9. For all relaxing experiments, particle
size of zeolite is greater than that of zeolite itself, meaning that par-
ticle size is getting bigger with the precipitation of Ca-phosphate.
Results also showed that an increase in relaxing pH from 6.9 to 7.5
leads to decrease in particle size.

pH tendency of measured particle size can be explained by
from previous study that favorable solution conditions for precip-
itation (due to increase in saturation index by the increase in pH),
homogeneous nucleation in solution was getting higher leading to

Fig. 8. Ca-phosphate precipitation during the relaxation (ammonium = 10 mg/l,
P = 40 mg/l, the molar ratio of Ca/P = 5.01, zeolite dosage = 1.0 g/l).
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ig. 9. Particle size distributions of zeolite particles after precipitation tests over a
elaxation period of 120 min.

ecrease in phosphate loaded on seed although total precipitation
s increased. This means that when the solution conditions are get-
ing more favorable for precipitation (an increase in the amount
f fast precipitation), calcium phosphate precipitation was mainly
ontrolled by nucleation process rather than the growth of precip-
tate nucleated either homogeneously or heterogeneously, leading
ew small particles in solution. According to Fig. 8, the amount of

nitial fast precipitation is increasing with the increase in pH.
Fig. 10 shows the appearance of zeolite particles before (a) and

fter (b) precipitation tests at pH 7.0. They also revealed that pre-

ipitate was loaded onto zeolite surface with an increase in particle
ize of zeolite particles (Fig. 9). However, under high super satu-
ation conditions (i.e. at pH 9.5), a more voluminous precipitate
n which some zeolite particles were entrapped was obtained. It

ig. 10. (a) Appearance of zeolite particles before precipitation at pH 7.0. (b) Appear-
nce of zeolite particles after precipitation at pH 7.0.

[

aterials 170 (2009) 1186–1191

should be noted that particle size of precipitates with and without
zeolite at high super saturations could not be undertaken because
of the transparency and fine nature of the precipitates.

4. Conclusion

It is well known that zeolite has a high affinity for ammonium.
In this study, zeolite was also tested for use as a seed material to
precipitate phosphate in the form of Ca-phosphate. Results showed
that zeolite can be used to remove both ammonium and phosphate
from aqueous solutions. The highest ammonium removal efficiency
was achieved at the lowest used initial ammonium concentration.
Results indicated that the removal efficiency and the uptake of
ammonium by zeolite are both dependent on the initial ammonium
and zeolite concentrations, indicating rise in uptake of ammonium
by zeolite for higher ratios. While existence of competing cations
such as K and Ca in the solution was reducing the ammonium
uptake by zeolite, there was no considerable effect of ammonium
on the precipitation of phosphate. By setting conditions available
for secondary nucleation and growth mechanism (i.e. relaxation of
suspension at low super saturations), phosphate precipitation was
loaded onto zeolite particle surfaces. The total amount of precipi-
tate formed under relatively lower super saturation conditions (pH
6.9–7.5) was nearly the same or even higher than that obtained
under high super saturation conditions. The loading of phosphate
on the seed surface was confirmed by an increase in the particle
size of zeolite.

This study highlights that zeolite can be suitably used as an
adsorbent/seed material for the removal of both nutrients ammo-
nium and phosphorus from the wastewaters. However, the method
should be tested by using natural wastewaters including both nutri-
ents. In addition, the usage of zeolite enriched by phosphorus and
ammonium as a fertilizer should also be investigated.

The findings of this study will also provide a better understand-
ing of seeded precipitation of phosphate in the field of phosphate
removal and recycle technologies.
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